Introduction
The Fe-Cr alloy system is the basis of a very important group of engineering materials for instance, stainless steel family. 1) Fe-Cr alloys are susceptible to embrittlement when they are aged at temperatures in the range of 300 and 500 C. This embrittlement is known as 475 C-embrittlement. It is attributed to the spinodal decomposition of the solid solution into an ultrafine mixture of Cr-rich and Fe-rich phases. 2, 3) Many experimental techniques [4] [5] [6] [7] have been used to study the decomposition process in binary Fe-Cr alloys. The diffusion-couples have shown to be a good alternative for studying phase transformation in different alloy systems. 8, 9) For example, Diffusion-couples were used to study the precipitation process in binary alloys, called macroscopic composition gradient method. This method enables to determine solubility limits and phase equilibria and it is based on the microstructural observation of different composition alloys formed by a continuous composition gradient. The macroscopic composition gradient can be created in a specimen by diffusion coupling, imperfect arc melting of sandwiched metals, imperfect homogenization of coarse precipitates, etc.
Thus, the purpose of this work is to analyze the phase separation process in Fe-rich Fe-Cr alloys by means of the aging of a diffusion-couple formed between Fe and Fe-40 at%Cr alloy.
Experimental Procedure
The diffusion-couple was fabricated using two plates, 15 Â 2 Â 3 mm, of pure Fe and Fe-40 at%Cr alloy. The alloy was melted with an electric-arc furnace under an argon atmosphere using pure elements. The chemical composition of alloy was verified by chemical analysis. The diffusion couple consisting of two specimens with polished flat surfaces was placed in an austenitic stainless steel holder with screws. Specimens were pressed by three screws and diffusion welded by heating at 1050 C for 345 ks under an argon atmosphere. The diffusion-couple was sealed in an evacuated quartz tube and solution treated at 1050 C for 3.6 ks in an electrical resistance furnace, controlled within AE2 C and subsequently quenched in ice-water. Subsequently, specimens were aged at 500 C for times from 3.6 to 3600 ks. The bulk heat treated diffusion-couples were cut and ground to cylinders with diameters of about 3 mm so that the interface could be included in the middle along the cylinder axis. Discs with about 0.15 mm thickness were obtained by electroerosion of cylinders. TEM specimens were prepared by electropolishing with an electrolyte composed of 33 vol% nitric acid in methanol at À35 C. These specimens were observed with a HR-TEM at 300 kV. Surface of TEM specimen was also observed with a SEM equipped with EDX at 20 kV in order to analyze the concentration gradient. Vickers hardness with a load of 100 g for 12 s was used to follow the hardening behavior of the aged specimens.
Results and Discussion

Concentration gradient of diffusion-couple
Figures 1(a) and (b) show the SEM micrograph and the EDX concentration profile of the diffusion couple solution treated and then aged at 500 C for 1800 ks. This micrograph shows clearly, from left under to upper right, the three parts of the diffusion-couple, pure Fe, interdiffusion zone and Fe-40 at%Cr alloy. The hole for TEM observation can be observed between the interface of pure Fe and interdiffusion zone. The concentration profile shows that the composition between the Fe-rich side and the interdiffusion zone, twophase zone, is about 14 at% Cr. The equilibrium value for the Fe-rich side at 500 C is about 12 at% Cr, according to the miscibility gap in the equilibrium Fe-Cr diagram.
10) The higher composition can be attributed to the coherency of the decomposed phase, as will be shown later. That is, the value of 14 at% Cr seems to correspond to the coherent miscibility gap, which is expected to be very close due to the small coherency-strain energy.
11)
Microstructural evolution
SEM micrograph and its corresponding EDX concentration profile are shown in Figs. 2(a) and (b) , respectively, for the interdiffusion zone of the diffusion-couple solution treated and the aged at 500 C for 3600 ks. The arrow shows the direction of EDS analysis in Fig. 2(a) . A small concentration profile can be noticed from about 15 to 4 at% Cr over a distance of about 9 mm. HR-TEM micrographs of the interdiffusion zone of the diffusion-couple solution treated and then aged at 500 C for 3.6 ks is shown in Fig. 3 . It can be noticed the presence of a small Cr-rich phase dispersed in the Fe-rich matrix phase along the entire interdiffusion region. The arrow indicates the direction of increase in Fe content in this figure. Figures 4(a), (b) and (c) show the HR-TEM micrographs corresponding to the points P1, P2 and P3, respectively, as shown in Fig. 3 . That is, the Cr content decreases from P1 to P3. Incoherent round Cr-rich precipitates can be observed in a Fe-rich matrix, Fig. 3(a) . The simulated electro diffraction pattern shows a [012] zone axis for a bcc crystalline structure. The spots corresponding to the Cr-rich and Fe-rich phases can be observed in the diffraction pattern. They are very close one to each other since the lattice parameter of Fe and Cr is similar. The Cr-rich precipitates are also round and incoherent with the Fe-rich matrix in the case of point P2 and P3, Figs. 3(b) -(c). Nevertheless, its size increases in this direction. The mean size of precipitates was determined to be about 2.5, 3.0 and 4.5 nm for the points P1, P2 and P3, respectively. It can be noticed that the size of precipitates decreases with the increase in Cr content as expected by the Gibbs-Thomson effect. 8, 9) That is, the smaller Cr-rich particles have a higher solubility in the Ferich matrix. Besides, the Cr-rich phase volume percentage was determined to be about 24, 17 and 12% for the points P1, P2 and P3, respectively. That is, the volume percentage of precipitates increases with the increase in Cr content as expected by the use of lever-rule in the equilibrium Fe-Cr phase diagram. 10) This fact can also be attributed to the higher driving force for precipitation with the increase in Cr content and thus a higher volume fraction of precipitates is formed after aging.
11)
Aging hardening behavior
The plot of Vickers hardness as a function of Cr concentration is shown in Fig. 5 for the diffusion-couple aged at 500 C for 0 (diffusion-annealed, solution treated and then water quenched), 3.6 and 72 ks. This plot was constructed employing the concentration profiles of SEM microanalysis, see for instance Fig. 1(b) . There is a clear increase in hardness with the increase in Cr content and aging time as a result of the phase separation. The increase in hardness is higher as the Cr content increases. The increase in Cr content also causes an increase in the volume fraction of Cr-rich precipitates, as discussed above. Therefore, the aging hardness also increases. This aging hardening is also attributed to the nanometric round Cr-rich precipitates dispersed in the Fe-rich matrix. The Cr-rich precipitates are coherent at the early stages of aging and as the aging progressed they become incoherent. Nevertheless, their size is still nanometric which contributes to the precipitation hardening. Figure 6 shows the plot of Vickers hardness versus Cr concentration for the diffusion-couple aged at 475 and 500 C for 0 (solution treated) and 72 ks. The effect of aging temperature on hardness is evident in this figure. That is, the lower the aging temperature, the higher age hardening. This can be explained by the higher driving force for precipitation at lower temperatures due to the higher super- Phase Separation in Aged Diffusion-Couples Fe/Fe-40 at%Cr Alloysaturation of the solution treated alloy. 11) This fact causes finer precipitation of Cr-rich phase, which promotes higher age hardening.
Conclusions
The equilibrium value of the miscibility gap in the Fe-rich side was determined to be about 14 at% Cr at 500 C. The Gibbs-Thomson effect was observed to occur during the precipitation of nanometric Cr-rich precipitates in the aged diffusion-couple. The aging of the diffusion-couple caused the age hardening due to the precipitation of nanometric Cr-rich precipitates in a Fe-rich matrix.
